The genus Morganella has traditionally resided in the tribe Proteeae of the family Enterobacteriaceae along with two other genera, Proteus and Providencia (5) . Most members of the Proteus-Providencia-Morganella group share a number of biochemical features in common, including a positive methyl red reaction, urease activity, growth in KCN broth, and motility (5); some phenotypic properties, most notably production of phenylalanine deaminase (5) , degradation of tyrosine crystals (18) , and elaboration of a reddish brown pigment in the presence of DL-tryptophan (16) , either are unique features of this group or are traits infrequently observed in other members of the family Enterobacteriaceae. The Proteeae are important human pathogens causing a variety of nosocomial illnesses including urinary tract disease, septicemia, and wound infections. The morganellae were originally placed in the genus Proteus until DNA studies conducted by Brenner and colleagues (2) concluded that they warranted their own separate genus since they were no more closely related to the protei than to any other member of this family. Currently, only a single species, Morganella morganii, is known to exist.
M. morganii is a phenotypically tight species, and little strainto-strain variation in its biochemical characteristics are known to occur. Despite the overall homogeneity of the phenotypic properties of this species, sporadic reports of M. morganii strains displaying unusual biochemical properties have been noted in the literature. A study by Rauss and Vörös in 1959 (17) described 12 biotypes of M. morganii (then Proteus morganii) based on the fermentation of such carbohydrates as galactose, raffinose, and sucrose. In 1976, Siboni (19) described two distinct biotypes of M. morganii based on trehalose fermentation; in this study trehalose fermentation was found to be associated with tetracycline resistance (Tet r ). Hickman and others at the Centers for Disease Control and Prevention (7) described additional groups of M. morganii based on the production of lysine decarboxylase (LDC) by one cluster and the failure to decarboxylate ornithine (ODC) by another. A number of these previously recognized biogroups were further investigated by the Statens Seruminstitut (Copenhagen, Denmark) and the Centers for Disease Control in a subsequent collaborative effort (11) . The results of that study indicated that two subspecies within M. morganii could be recognized on the basis of the fermentation of trehalose. M. morganii strains which are unable to ferment trehalose were designated M. morganii subsp. morganii, while those which are able to utilize this carbohydrate were named M. morganii subsp. sibonii. M. morganii subsp. morganii was found to contain four biogroups, designated A through D, while M. morganii subsp. sibonii contained three (biogroups E through G).
Since the proposal to recognize two subspecies with seven biogroups within M. morganii in 1993, there have been no published studies reassessing the laboratory identification, relative frequency, anatomical distribution, and potential pathogenic factors of this group (11) . In this report we describe the phenotypic, structural, and enzymatic characterization of M. morganii on the basis of the recent redefinition of this genus by Jensen et al. (11) . Strains were initially streaked onto Salmonella-Shigella agar for purity and were then inoculated into triple sugar iron agar slants and tested for phenylalanine deaminase and gelatinase activities, indole production, and fermentation of xylose by conventional procedures. Strains that gave an alkaline over acid with gas and no H 2 S formation reaction on triple sugar iron agar slants, that were indole and phenylalanine deaminase positive and gelatinase negative, and that failed to ferment xylose were identified as M. morganii. Working cultures of each strain were maintained on motility deeps at room temperature during the course of these investigations.
MATERIALS AND METHODS
Subspecies and biogroup identification. The criteria of Jensen et al. (11) were used in the identification of M. morganii strains to one of two subspecies and seven biogroups. Each strain was tested for the ability to ferment trehalose in Acumedia (Acumedia Manufacturers, Inc., Baltimore, Md.) containing Andrade's indicator; trehalose-negative strains were designated M. morganii subsp. morganii, while trehalose-positive isolates were designated M. morganii subsp. sibonii. Biogroup determinations were based on the ODC and LDC activities (Moeller's) and susceptibility to a 30-g BBL Sensi-Disc of tetracycline (Becton Dickinson, Cockeysville, Md.). Susceptibility to tetracycline was screened for in quad plates containing Mueller-Hinton agar (Difco, Detroit, Mich.). The MIC of tetracycline for select isolates was subsequently determined by using the AB Biodisk E test (Remel, Lenexa, Kans.) according to the manufacturer's instructions. Some isolates were also tested for motility in motility deeps and for the ability to ferment glycerol. Biochemical tests were incubated for 72 h at 35ЊC prior to the recording of the final results, while susceptibility to tetracycline was determined at 18 h.
Biochemical characterization. Selected M. morganii subsp. morganii and M. morganii subsp. sibonii strains were further studied by using several commercial systems. Fourteen strains of M. morganii were tested for the presence of preformed esterases, aminopeptidases, proteases, phosphatases, and glycosidases by using the API ZYM system (bioMérieux, Hazelwood, Mo.). Tests were performed according to the manufacturer's directions, and the intensity of each enzymatic reaction was semiquantitatively assessed by the use of the color chart included with the test kit. The relative activity of the morganellae against each substrate was defined as ⌺(n 1 . . .n 14 )/14, where n represents the enzymatic activity of each M. morganii isolate against the respective chromophore. M. morganii isolates grown in heart infusion agar were also tested for the ability to use 1 of 95 carbon sources for growth in the Biolog GN microplate system (Biolog, Hayward, Calif.). Carbohydrate fermentation was determined in the API 50 CH system by using API 50CHL medium (bioMérieux). The strips were incubated for 72 h, with the results recorded daily.
Plasmid analysis. M. morganii strains were grown in L broth overnight and were then harvested by centrifugation. Clear lysates were prepared by alkaline denaturation as described previously (14) , and horizontal 0.7% agarose slab gel electrophoresis was performed in TAE buffer (0.04 M Tris acetate, 0.001 M EDTA) for 2.5 h at 100 V. Plasmids were subsequently visualized by UV exposure of ethidium bromide-stained gels.
Structural analysis. Whole-cell protein profiles of heart infusion agar-grown M. morganii strains was determined on 12.5% gels by sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis (PAGE) as described previously (12) . Partially purified M. morganii lipopolysaccharides (proteinase K treated) were analyzed on SDS-10% polyacrylamide gels; this was followed by silver staining (12) .
Extracellular enzymatic activity. The M. morganii strains were tested for the ability to produce one or more different extracellular enzymes in plate assays. Briefly, a 2-l aliquot of tryptone broth cultures (18 h, 35ЊC) was spotted onto various substrate-containing media, and the plates were then incubated for 7 days at 35ЊC; the results were recorded daily. Phosphatase (phenophthalein diphosphate), stapholysin (heat-killed Staphylococcus aureus ATCC 25923), chitinase (crab shell chitin), siderophore (Chrome Azurol S), C2 esterase (indoxyl acetate), elastase (elastin-Congo red), protease (hide powder blue), lipase (Tween 20), fibrinolysin (human fibrionogen), lecithinase (egg yolk), mucinase (hog gastric mucin), RNase (Torula yeast RNA), DNase (DNA test agar; Difco), hyaluronidase (umbilical cord hyaluronic acid), and chondroitinase (chondroitin sulfate A) activities were assessed as described previously (8) . Arylsulfatase activity was determined in nutrient agar supplemented with 0.1% phenolphthalein disulfate; the colonies were exposed to NH 4 OH, and those developing bright pink halos surrounding the growth within 10 min of exposure to the vapors were scored as positive. Production of an alkylsulfatase was determined on nutrient agar plates containing 0.2% NaCl and 0.1% SDS; colonies producing a turbid halo surrounding the growth were recorded as positive. Tyrosinase activity was observed by the clearing of L-tyrosine (0.5%) crystals contained in brain heart infusion agar plates. Elaboration of the enzyme pectinase was detected on polypectate plates and was indicated by a depression (pitting) of the agar surrounding the growth. Hemolysin activity was detected by several methods including plate assays (5% sheep blood), agar overlay, and cell-free and cellassociated assays. These assays have been extensively described elsewhere (9) . Appropriate positive and negative controls were used with each assay.
Cytotoxicity and intracellular invasion. Cytotoxicity to and invasion of eucaryotic cells were determined in the HEp-2 and Vero cell lines. Overnight cultures of bacteria grown in brain heart infusion broth were diluted approximately 1:100 in appropriate tissue culture medium (RPMI 1640 for HEp-2 cells; medium 199E for Vero cells), and the bacteria were then inoculated onto semiconfluent monolayers of either HEp-2 or Vero cells grown on glass coverslips in 24-well tissue culture chambers. Incubation, infection, and staining procedures were identical to those described previously (10) . Escherichia coli 20851 (O164:H Ϫ ) and HB101 served as positive and negative controls, respectively, for this assay.
RESULTS
Identification. We originally received from 14 different laboratories 70 isolates that were identified as M. morganii. Of these 70 isolates, 62 (86%) were confirmed to be M. morganii. The strains misidentified as M. morganii included Proteus mirabilis (n ϭ 7) and Serratia marcescens (n ϭ 1). Of the seven misidentified P. mirabilis strains, three (43%) were H 2 S negative and one (14%) was H 2 S negative and Voges-Proskauer positive, while another one was H 2 S negative and failed to swarm on common laboratory media. The remaining two strains were typical isolates.
On the basis of the biochemical criteria of Jensen et al. (11), 66 of the 73 (90%) Morganella strains were identified as M. morganii subsp. morganii, while the remaining 10% of the strains were identified as M. morganii subsp. sibonii on the basis of trehalose fermentation (Table 1) . These percentages differed slightly on the basis of the origins of the strains tested, because 2 of 11 (18%) isolates from the Microbial Diseases Laboratory were determined to be M. morganii subsp. Table 2 of their report to be susceptible to tetracycline, although only one strain (ATCC 25830 T ) was studied. However, in an earlier study Hickman et al. (7) found that Ͼ50% of all typical M. morganii strains exhibit resistance or intermediate susceptibility to this antibiotic. Because we found significant resistance to tetracycline by biogroup A strains in disk diffusion assays early in the present investigation, we selected 30 of these strains for further susceptibility studies performed by the E test. The results are depicted in Fig. 1 . By the disk diffusion assay, 15 biogroup A strains were Tet s (50%), 1 was of intermediate susceptibility (3%), and 14 (47%) were found to be Tet r . In each instance, MIC results by the E test confirmed the results obtained by disk diffusion assays. For resistant strains MICs ranged from 16 to Ͼ256 g/ml, while for susceptible strains MICs ranged from 1.5 to 4.0 g/ml; for the single strain with intermediate susceptibility, the MIC was 6 g/ml.
It has also been reported that motility and rapid glycerol fermentation may be additional markers associated with specific biogroups (11) . We looked at these properties in conjunction with susceptibility to tetracycline to assess its potential diagnostic significance (Table 2) . Of the 22 strains representing four different M. morganii biogroups tested, only 4 isolates (22%) rapidly fermented glycerol. All four of these strains were nonmotile and belonged to biogroup B (the biogroup 1 strains of Farmer et al. [6] ). These markers appeared to be linked and independent of the LDC or ODC phenotype or Tet s because no other tested strain from biogroups A, C, or G possessed either marker. Two other biogroup B strains were glycerol fermentation negative and motility positive; one of these strains was rapidly LDC ϩ (24 h), while the other was LDC ϩ at day 2. All biogroup B strains were Tet s , while biogroup C strains were Tet r , as reported previously (11) . Most biogroup G strains were Tet r , although one strain was Tet s and another was repeatedly Tet i by disk diffusion assays (MIC, 3 g/ml).
Biochemical characterization. All M. morganii strains were remarkably similar in their biochemical characteristics. All strains tested failed to produce C8 esterase-lipase, C14 lipase, cystine arylamidase, trypsin, chymotrypsin, ␣-galactosidase, ␤-galactosidase, ␤-glucouronidase, ␣-glucosidase, ␤-glucosidase, N-acetyl-␤-glucosaminidase, ␣-mannosidase, or ␣-fucosidase when they were tested on the API ZYM system. Only four strong enzymatic activities were universally expressed by all 14 strains (alkaline and acid phosphatases, leucine arylamidase, naphthol-AS-BI-phosphohydrolase; relative activities, 4.9 to 5.0). Valine arylamidase and C4 esterase activities were variable and when they were present were weak. Valine arylamidase activity was slightly stronger in M. morganii subsp. sibonii strains (relative activity, 2.3) than in M. morganii subsp. morganii (relative activity, 0.6). Outside of this observation, no other differences between the two subspecies were noted.
These same 14 strains were evaluated in duplicate for carbon source utilization on the Biolog GN microplate; identical results were found for all strains on 82 of the 95 (86%) carbon sources. The results obtained with the Biolog GN microplate were highly reproducible, with 96 to 98% agreement of the results obtained with the same strain tested at different times. sources producing variable test results are listed in Table 3 Other sugars that were rarely fermented included galactose (n ϭ 1), amygdalin (n ϭ 1), lactose (n ϭ 1), and gentiobiose (n ϭ 1); all of these were delayed (Ͼ24-h) reactions. Only trehalose fermentation was found to be discriminatory, because all seven M. morganii subspecies sibonii but none of the M. morganii subsp. morganii isolates utilized this sugar.
Plasmid analysis. Since Tet s is a differential test for biogroup determination within the species M. morganii and previous studies have indicated that the LDC ϩ phenotype is plasmid mediated (3), we therefore looked at plasmid carriage in select M. morganii strains. We chose to look at M. morganii subsp. sibonii strains since most were Tet r and this was our largest cluster outside of Tet s biogroup A. The seven M. morganii subsp. sibonii strains harbored between one and four different plasmids. The most commonly observed extrachromosomal element was a 60-MDa plasmid which was present in three of the seven strains studied; two strains also carried a 45-to 50-MDa plasmid. By disk diffusion assay, four of these seven strains were Tet r , while MICs indicated that only three were resistant, with the discrepancy being strain MM-50, for which the MIC was 4 g/ml. However plasmid carriage was not found to correlate with Tet r in biogroup G strains. Biogroup B strains, however, which carry the LDC ϩ phenotype, all contained plasmids (Fig. 2) . These plasmids were ca. 40 to 45 MDa in size; these values are similar to those (35 to 45 MDa) reported by Cornelis et al. (3) for LDC ϩ M. morganii strains. Three strains (lanes 1, 2, and 4) appeared to harbor the same genetic element by agarose gel electrophoresis, while two other strains (lanes 3 and 5) possessed a slightly larger extrachromosomal element. All strains, including isolates dating back to 1972, retained their LDC ϩ phenotype, despite multiple in vitro passages on both solid and liquid media.
Structural properties. The whole-cell protein profiles for six M. morganii subsp. morganii isolates and six M. morganii subsp. sibonii isolates are shown in Fig. 3 . The whole-cell protein profiles of all 12 strains were similar. The predominant wholecell protein band in each strain had an M r of 33,000 to 37,000; in three strains (MM-1, MM-7, MM-48) this band migrated at 33,000 while for a majority of the other strains this protein was estimated at an M r of 35,000. In five of the six M. morganii subsp. morganii strains, this protein with an M r of 33,000 to Azurol S agar (siderophore) or on media containing indoxyl acetate (C2 esterase). All strains were negative for DNase, RNase, stapholysin, alkyl-and arylsulfatases, chitinase, protease, elastase, fibrinolysin, lipase, lecithinase, hyaluronidase, chondroitinase, pectinase, and mucinase activities. All M. morganii isolates were phosphatase positive within 48 h of incubation; all strains were able to degrade tyrosine crystals over a similar time frame, with one exception (72 h). Three strains (21%) were hemolytic on sheep blood agar after overnight (24-h) incubation. At 72 h, all strains were positive.
Cytotoxicity and invasion. Although such organisms as P. mirabilis and Providencia alcalifaciens have been reported to invade one or more eucaryotic cell lines (1, 15), we found no cytologic evidence of M. morganii invasion in either HEp-2 or Vero cells. Four strains, however, produced marked cytopathic effects on both cell lines when the bacteria and the cell monolayers were coincubated. Cells became rounded and lost their cellular integrity. This was a concentration-dependent effect because increasing dilutions of bacterial suspensions (Ն1:1,000) abolished this effect. Cell-free supernatants failed to produce similar cytotoxic activity. A correlation was found between cytotoxic activity and the expression of a ␤-hemolysin. Three of four strains that were cytotoxic on HEp-2 and Vero cell lines were rapidly hemolytic in plate and agar overlay assays. Hemolysis in strains MM-1, MM-5, and MM-7 could be detected as early as 1 h after the colonies were overlaid with soft agar containing 1% sheep erythrocytes. Such activity could not be detected in cell-free supernatants or by mixing bacterial broth suspensions with sheep erythrocytes, as has been previously shown for Edwardsiella tarda (9) . No M. morganii subsp. sibonii strain was positive in any hemolysin assay.
DISCUSSION
The study described here is the first major study of both the subspecies and biogroup distributions of clinical M. morganii isolates since publication of the taxonomic changes proposed by Jensen and coinvestigators (11) . Collective results from the present investigation and earlier taxonomic and phenotypic studies of strains from reference or established collections indicate that M. morganii subsp. morganii biogroup A predominates in the clinical environment and is the major cause of most significant infections associated with this species. Overall, we found almost 80% of all strains studied to belong to biogroup A. When one excludes strains forwarded to the Microbial Diseases Laboratory for analysis, since these are often submitted initially because of their unusual properties, only 9 of 62 (15%) routine M. morganii isolates belonged to biogroups other than biogroup A. The newly described subspecies M. morganii subsp. sibonii accounted for only 10% of all strains collected. Despite their infrequent occurrence, they appear to be significant human pathogens because they were isolated from three normally sterile body sites (blood, bile, and urine). A similar association is not readily apparent for biogroups B and C, of which 67% of the strains identified either came from nonsterile sites (respiratory or gastrointestinal tract) or their origin was unknown.
Since Jensen et al. (11) did not survey large numbers of biogroup A strains for Tet s , we investigated this property in our study since it became immediately apparent that many typical strains were Tet r . Of the 57 biogroup A strains included in our study, 17 (30%) were Tet r by the disk diffusion assay. This indicates that tetracycline susceptibility as a marker for biogroup A strains should be listed as ''variable'' rather than ''susceptible,'' as has been reported previously (11) . We also noted more variation in biogroup B (glycerol, motility) and biogroup G (susceptibility to tetracycline) phenotypes than has been described previously (11) . Although M. morganii ATCC 25830 T (biogroup A) has been reported to ferment glycerol rapidly (24 h) and is motile, we found an exclusive association between glycerol fermentation and a lack of motility. All of these strains were biogroup B isolates. In the study of Jensen and others (11), 19 of 22 (86%) M. morganii isolates that rapidly fermented glycerol were nonmotile; these strains belonged to a number of different biogroups including biogroups A, B, C, D, F, and G.
Members of the genus Morganella are extremely homogeneous in their biochemical, enzymatic, and structural characteristics, and these results continue to support the present taxonomic position of a single species within the genus. We found only a single test on the Biolog GN system (utilization of L-phenylalanine as a sole carbon source) as a potentially new marker in the biochemical separation of the two Morganella subspecies; however, both the Biolog GN microplate and the API 50 CH test were clearly able to detect all trehalose-positive M. morganii strains, although one M. morganii subsp. morganii isolate was repeatedly positive for trehalose utilization on the Biolog GN microplate, and this result remains unexplained. The protein profiles of 12 Morganella strains showed a consistent minor protein band profile among all isolates, with strain-to-strain variation occurring only in the M r s of major bands of between 33,000 and 42,000. These results are almost identical to the findings of Costas et al. (4) , who found 21 clusters among 67 M. morganii strains on the basis of the presence of principal protein bands migrating between M r s of 32,000 and 43,000. Results of electrophoresis of lipopolysaccharide revealed significant antigenic heterogeneity within both subspecies on the basis of the migration of O polysaccharide side chain bands.
Unlike P. mirabilis, we did not find any evidence of cellular invasion by morganellae in either HEp-2 or Vero cell lines on the basis of cytologic examination. Enzymatically, M. morganii strains were not very active, producing few extracellular products. The most intriguing enzyme produced by M. morganii was a ␤-hemolysin which is functionally and genetically related to the ␣-hemolysin of Escherichia coli (13) . We found all strains tested to produce a ␤-hemolysin after prolonged incubation, although only some strains did so within 24 h. We also found a correlation between hemolysin production and cytotoxic activity on HEp-2 and Vero cells; three of the four cytotoxic strains of M. morganii subsp. morganii were hemolytic for sheep erythrocytes on plate (24-h) and colony overlay (4-h) assays. Strains quantitatively expressing large amounts of such enzymes may have an advantage in establishing themselves as wound pathogens or in causing septicemia. By using different criteria to assess hemolytic activity, between 56 and 100% of all M. morganii strains express this enzyme (13) . Large-scale studies determining the quantitative expression of beta-hemolytic activity by M. morganii strains originating from different anatomical sites and disease processes will help to answer this question.
